Fully-densi ed mullite nanocomposites dispersed with 5 vol% nano-Ni particles were fabricated by the pulsed electric current sintering technique to investigate their self-healing function. The investigation on thermal oxidation for healing the mullite composites was conducted at temperatures ranging from 1000 to 1200 C for 1-24 h in air. Surface cracks with a total length of 180 µm completely disappeared by heat-treatment at 1100 C for 6 h in air. Bending strength of the as-cracked samples which were prepared with three Vickers indentations on the tensile surface only achieves 113 MPa. Disappearance of surface cracks realizes a recovery of bending strength up to 434 MPa, which is comparable with that of as-sintered samples (405 MPa). With heat-treatment in Ar-1%H 2 at 1100 C for 6 h, the samples show neither surface crack-disappearance nor strength recovery. It is clear that the oxidation of Ni particles at high temperatures induces the self-healing mechanism. The surface crack-disappearance in Ni/mullite is available at lower heat-treatment conditions than the other metal/oxide composites such as Ni/Al 2 O 3 and Ni/(ZrO 2 +Al 2 O 3 ). Additional information on mechanical properties such as hardness and fracture toughness of the composite are also provided. Dispersion of Ni particles in mullite matrix does not give effect to their hardness and fracture toughness.
Introduction
Mullite (3Al 2 O 3 .2SiO 2 ) has been used as a potential ceramic material for high-temperature structure applications because of many excellent properties at high temperatures. It has good refractoriness, low thermal expansion, low thermal conductivity, excellent creep resistance, good chemical and thermal stability. [1] [2] [3] Its exural strength at room temperature could reach to 300 400 MPa and maintain up to 1400 C. [4] [5] [6] Nevertheless, mullite has some weaknesses as same as other ceramics. It is a brittle material and does not have adequate damage tolerance that causes its catastrophic failure. Dispersions of the secondary phase such as SiC particles and whiskers in mullite matrix have been proposed to overcome these weaknesses. 7, 8) On the other hand, dispersion of the secondary phase of non-oxide materials contributes to the composite its self-healing function at high temperatures. 7) The self-healing at high temperatures of SiC dispersed ceramics such as SiC/mullite, and SiC/Al 2 O 3 has been studied over the past decades. [9] [10] [11] [12] [13] [14] [15] Oxidation of SiC phase in the matrix at high temperatures produces oxidation products that ll up and heal the surface cracks. Reduction of stress concentration on the crack tips involves the recovery of mechanical properties. Ando et al. 9) reported crack healing behavior and high-temperature strength of SiC/mullite, in which, a surface crack with 200 μm in length induced by Vickers indentation was healed completely after heat-treatment at 1300 C for 1 h in air. The healing of surface cracks involved the recovery of bending strength from 140 up to 520 MPa. Bending strength of SiC/mullite composite achieved at 1200 C was almost comparable to the value that was obtained at room temperature. With the demands for greater self-healing performance, the self-healing function must be obtained at lower heat-treatment temperatures.
The self-healing function can be achieved variously at different heat-treatment conditions depending on the characteristics of the composites. In the most cases, the self-healing function could be obtained by heat-treatment in air at 1100-1300 C for SiC/mullite, 9, 10) 19) In some other cases, it can be obtained by heat-treatment in air at 800 C such as SiC/ZrO 2 . 20) Nevertheless, the bending strength of this composite was decreased from 700 MPa at room temperature to 180 MPa at 800 C. Nanko and his co-authors rstly reported the self-healing function for Ni/Al 2 O 3 nanocomposites, in which surface cracks completely disappeared by thermal oxidation process in air at 1200 C for 6 h.
21) The disappearance of surface cracks is caused by the formation of a surface layer composed of NiAl 2 O 4 -the oxidation product which is developed by diffusion of cations along grain boundaries of Al 2 O 3 matrix at high temperatures. 22, 23) The growth rate of this layer could be accelerated or decelerated, depending on the characteristics of dispersoids, matrix materials or dopants. 24, 25) Taking account of the diffusion mechanism, dispersion of Ni is more effective than SiC. In other words, self-healing performance in Ni/Al 2 O 3 system is greater than that of SiC/Al 2 O 3 . However, applications of Al 2 O 3 at high temperatures would be concerned on their bending strength 26) and creep properties. 27) Lessing et al. reported the creep rate at 1450 C of dense mullite was approximately one order of magnitude less than that of monolithic Al 2 O 3 . 28) As well, oxidation resistance of Ni/mullite is better than that of Ni/Al 2 O 3 . 29) From the reasons above, Ni/mullite could be suitable for the high-temperature applications with self-healing function.
The present study focuses on the investigation of the self-healing function for 5 vol% Ni/mullite. The self-healing ability is estimated through the fraction of surface crack-disappearance before and after heat-treatment in air at 1000 to 1200 C for 1 to 24 h. The effectiveness of self-healing function on their strength recovery is examined by three-point bending tests conducted for as-sintered, as-cracked and ashealed samples. To discuss the in uence of applied temperatures on self-healing ef ciency of Ni/mullite system, high-temperature bending tests are also carried out from room temperature to 1200 C in air. Some basic information on mechanical properties of the nano-Ni/mullite composites such as hardness and fracture hardness are also provided.
Experimental Procedures
Samples preparations of 5 vol% Ni/mullite composite was carried out as the following procedure. A slurry mixture containing Ni(NO 3 ) 2 .6H 2 O (Kojundo Chemical Laboratory Co. Ltd), mullite powder (KCM Corporation, KM101, d = 0.7 µm) and distilled water was prepared by ball-milling for 24 h in a plastic bottle with alumina balls (5 mm in diameter). The slurry mixture was then dropped into a boiling ask that was pre-heated at 400 C for the dehydration. The dried powder mixture was then ground in an alumina mortar. The reduction process was carried out at 600 C for 12 h in a stream of Ar-1%H 2 gas mixture to reduce NiO to Ni. The powder mixture was ball-milled for deagglomeration in a plastic bottle with ethanol and the alumina balls for 24 h. Drying at 80 C for 12 h and manual crashing in alumina mortar were afterward carried out. Consolidation of the powder mixture was conducted by pulsed electric current sintering technique (PECS) with a graphite die in a vacuum at 1550 C for 5 min holding time and under 50 MPa in uniaxial pressure. The relative density of all the sintered samples attained at least 99% of the theoretical value. Figure 1 shows the scanning electron microscope (SEM) image of the fractured surface of an as-sintered sample. The bright contrast dots are Ni particles that have the average particles size of 0.5 µm. The average grain size of mullite is approximately 2 µm. Several cavities which are also observed to be the same size with Ni particles formed by the detachment of Ni particles during the fracture process.
The evaluation of samples was conducted as the following steps. Sintered samples were cut into a rectangular shape (3 × 4 × 26 mm) for three-point bending tests. Sample surface was ground by a grinding wheel with diamond grains (30 µm) and then polished with diamond particle slurry (2 µm). The polished samples are referred to as-sintered samples, hereafter. After polishing, three Vickers indentations were introduced at the center of samples by applying a load of 19.6 N for 10 s to induce pre-cracks on the surface. The samples with the surface pre-cracks induced by Vickers indentations are referred to as-cracked samples. Each Vickers indentation produces four cracks at their corners, as shown in Fig. 2 shows the cross-sectional view of the Vickers indentation observed on the fractured surface. The dashed line indicates the front of the semi-elliptical crack introduced by the Vickers indentation. The crack depth is approximately 90 µm. To investigate the surface crack-disappearance, as-cracked samples were heat-treated in air at temperature ranging from 1000 to 1200 C for 1-24 h with a heating rate of 400 C/h. Heat-treatment temperature was monitored by using an R-type thermocouple located near the samples. The surface crack-disappearance was evaluated by the fraction (∆C) of the twelve surface cracks length induced by three Vickers indentations before and after heat-treatment. Details of this evaluation method have been reported elsewhere. 18) To evaluate the effectiveness of the self-healing function on their strength recovery, three-point bending tests were carried out at a 16 mm outer span length and a crosshead displacement rate of 0.5 mm/min at temperatures ranging from 25 to 1200 C in air. Samples of bending tests were set into the loading geometry with the surface including Vickers indentations on the tensile surface, as shown in Fig. 3 . As for high-temperature bending tests, tested samples were heated up to target temperatures with a heating rate of 600 C/h. When the sample temperature reached to target temperature, high temperature bending tests were then conducted after 5 min in holding time. Phase identi cation and microstructure observation of samples were carried out by using X-ray diffraction (XRD) and SEM, respectively. Evaluations of some mechanical properties such as hardness (H v ) and fracture toughness (K IC ) were evaluated by Vickers hardness method following JIS R 1610 standard, and the Indentation fracture method, 30) respectively. To estimate the in uence of Ni dispersion on their mechanical properties, monolithic mullite was also fabricated with the similar sintering process of the nanocomposite. Table 1 shows mechanical properties of 5 vol% Ni/mullite composite and monolithic mullite evaluated at room temperature. At a loading of 49 N, the average length of the diagonal left by the pyramidal diamond indenter was approximately 85 µm. Vickers hardness (H v ) of 5Ni/mullite was measured to be 12.5 ± 0.2 GPa. Fracture toughness (K IC ) of the composite calculated by applying Niihara s equation 30) . Results of three-point bending tests conducted at room temperature show that the Ni/mullite composites achieved 405 ± 115 MPa in bending strength. The mechanical properties of monolithic mullite are also shown in Table 1 . Ni/mullite has higher bending strength than monolithic mullite. Figure 4 presents SEM images of the introduced cracks on sample surface before and after heat-treatment at various conditions. The dashed lines indicate the Vickers indentation marks. A surface crack with 50 µm in length propagated from each corner of the Vickers indentation, as observed in Fig. 4  (a) . After heat-treatment at 1000 C for 6 h in air, the surface cracks disappeared partially as the fraction of crack-disappearance was determined to be 35%. The grain-like oxidation products formed on the sample surface, as shown in Fig. 4  (b) . With heat-treatment at 1000 C for 24 h in air, surface cracks still disappeared partially as the fraction of crack disappearance was determined to be 85%. Figure 4 (c) shows the cracks completely disappeared after heat-treatment at 1100 C for 6 h in air. The cracks were totally lled up with the oxidation products formed by the oxidation of Ni particles. As the cracks completely disappeared by heat-treatment at 1100 C for 6 h in air, the as-cracked samples with heat-treatment at this condition were referred as-healed samples, hereafter. Heat-treatment at the same condition but in the Ar-1%H 2 ow which is the reduction environment of Ni particles did not show any healing ability, as shown in Fig. 4 (d) . Results of the investigation on surface crack-disappearance are plotted in Fig. 5 . Figure 6 shows XRD patterns for phase identi cation of the exposed surface after heat-treatment at various conditions. Two dominant compounds which are Ni and mullite (3Al 2 O 3 .2SiO 2 ) were detected in as-sintered one. Only NiO phase appeared after heat-treatment at 1000 and 1100 C for 6 h in the air. Because of the reduction environment of Ni metal, the NiO phase did not appear after heat-treatment at 1100 C for 6 h in the Ar-1%H 2 gas mixture. Fig. 4 SEM images of surfaces of as-cracked sample (a) and samples heat-treated at 1000 C for 6 h in the air (b), 1100 C for 6 h in the air (c), 1100 C for 6 h in Ar-1%H 2 gas ow (d). Figure 7 shows the bending strength of as-sintered samples and samples heat-treated at various conditions. The as-sintered samples achieved 405 ± 115 MPa in bending strength at room temperature. With three Vickers indentations introduced on the tensile surface, bending strength of as-cracked samples was only 113 ± 10 MPa. By heat-treatment at 1100 C for 6 h in air, the as-healed samples exhibited a bending strength of 434 ± 60 MPa which is comparable with that of as-sintered samples. The samples heat-treated in the Ar-1%H 2 gas mixture at 1100 C for 6 h did not show any strength recovery as their bending strength only achieved 126 ± 8 MPa. Figure 8 plotted the bending strength of 5Ni/mullite as-sintered, as-cracked and as-healed samples as a function of applied temperature. Bending strength of as-healed, as-sintered and as-cracked samples at 800 C were 428 ± 60, 417 ± 100 and 97 ± 5 MPa, respectively. Bending strength of ashealed, as-sintered and as-cracked samples at 1000 C was 428 ± 40, 395 ± 113 and 134 ± 20 MPa, which remained comparable with the ones tested at 800 C and at room temperature. The decrease of bending strength of as-healed and as-sintered samples was observed when the testing temperature reached to 1200 C. Bending strength of as-healed and as-sintered samples at 1200 C was determined to be 311 ± 23 and 329 ± 65 MPa. In contrast, bending strength of as-cracked samples at 1200 C increased signi cantly to 278 ± 35 that almost reached to the level of as-sintered and as-healed samples.
Experimental Results

Mechanical properties
Surface crack-disappearance
Effectiveness of self-healing function on strength recovery of Ni/mullite
High-temperature bending strength of Ni/mullite
Discussion
Mechanical properties
As shown in Table 1 , the hardness and fracture toughness of 5 vol% Ni/mullite are comparable with that of monolithic mullite. Dispersion of Ni in mullite matrix gives less effect to their mechanical strength. This may be attributed to low interface energy between Ni particles and the matrix. When the interface energy is lower than the transgranular fracture energy, the fracture mode would be the intergranular one. As shown in Fig. 1 , the cavities which are the same in size with that of Ni particles appeared on the fractured surface due to the intergranular fracture mechanism. The fracture propagated along the interface between Ni particles and the matrix that resulted in the appearance of the cavities. Similar behavior has been reported in Ni/Al 2 O 3 system by Tuan et al. 31) The intergranular fracture implies that the dispersion of Ni in Al 2 O 3 matrix gives less effect on improvement of mechanical properties. This behavior is different with the fracture mechanism of SiC/Al 2 O 3 . The interface energy between SiC and Al 2 O 3 matrix is higher than the transgranular fracture energy that causes their fracture obeys the transgranular fracture mechanism. Figure 9 shows the fraction of surface crack disappearance as a function of heat-treatment temperatures for 5Ni/mullite with the previously reported results on 5Ni/(10ZrO 2 + Al 2 O 3 ), 33) 5Ni/Al 2 O 3 , 34) and 5Co/Al 2 O 3 . 19) The Ni/mullite requires a lower heat-treatment temperature for surface crack-disappearance than the others nanocomposites based on Al 2 O 3 matrix. For example, a complete crack-disappearance for Ni/mullite is available with heat-treatment at 1100 C for 6 h in air. While heat-treatment at the same condition, Co/ Al 2 O 3 , Ni/(ZrO 2 +Al 2 O 3 ) and Ni/Al 2 O 3 only achieved 75%, 65% and 45% of the fraction of crack-disappearance, respectively. This phenomenon is caused by the difference of outward metallic cations diffusion in various matrices. Diffusion of Ni 2+ is faster in mullite matrix than that in Al 2 O 3 and (ZrO 2 +Al 2 O 3 ) matrices. Figure 10 shows the cross-sectional view of 5Ni/mullite and 5Ni/Al 2 O 3 samples after heat-treatment at 1200 C for 24 h in air. The oxidation of Ni at high temperatures induced the diffusion of ions and cations. The diffusions created an oxidation product layer on the top surface, as well as the oxidized zone where metallic Ni particles no longer existed. The top surface layer contained only the oxidation product, while the oxidized zone included the matrix (mullite) and the oxidation product. The details of oxidation behavior at high temperatures in Ni/mullite system have been reported by the present authors, elsewhere. 29) With heat-treatment at the same condition, the oxidation products layer formed in Ni/mullite system was thicker than that formed in Ni/Al 2 O 3 . 22, 23, 35) While the thickness of oxidized zone formed in Ni/mullite was less than that formed in Ni/ Al 2 O 3 system. In other words, the diffusion rate of Ni 2+ in Ni/ mullite was faster than that in Ni/Al 2 O 3 . In contrast, diffusion rate of O 2− in Ni/mullite was much slower than that in Ni/ Al 2 O 3 . This means the less thickness of oxidized zone of Ni/ mullite, as shown in Fig. 10. Figure 11 shows the fractured samples by bending tests conducted for as-cracked, as-healed and sample heat-treated in the Ar-1%H 2 gas mixture. Figure 11 (a) shows the fracture of as-cracked sample propagated across all the Vickers indentations as they were the highest concentration points. The bending strength of as-cracked samples increased from 113 MPa to 443 MPa by heat-treatment at 1100 C for 6 h in air. The value after the heat-treatment is comparable with that of as-sintered samples and indicates the full recovery of bending strength by the heat-treatment. The recovery of bending strength was caused by the crack-disappearance after heat-treatment. Figure 12 shows the cross-sectional view of cracks after heat-treatment at 1100 C for 6 h in air. It means that all of the cracks were not only healed from the top view but also from the cross-sectional view. As the cracks completely disappeared, the fracture of as-healed samples did not propagate across the Vickers indentations, as shown in Fig. 11 (b). They were no longer the highest stress concentration points. The surface cracks did not disappear after heat-treatment in Ar-1%H 2 at 1100 C for 6 h. As a result, the fracture of samples heat-treated at this condition propagated across all the three Vickers indentations, as shown in Fig. 11 (c) . They did not show any recovery in strength as their values of bending strength were as same as that of as-cracked samples. In other words, the recovery of bending strength was caused by the self-healing mechanism which was originated from the oxidation of Ni particles at high temperatures.
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Bending tests at high temperatures of the composites were conducted to investigate their performance at high temperatures, as well as the in uence of applied temperatures on their self-healing ef ciency. Their results indicated that bending strength of the composites maintained up to 1000 C, as the value of bending strength of as-sintered samples at 1000 C stayed at the level as high as that at room temperature. As for as-healed samples, the value of bending strength at 1000 C was almost equal to that of the ones at room temperature. Although bending strength of as-healed samples slightly decreased at 1200 C, the value is still comparable with that of the as-sintered ones. As-cracked samples showed a signicant increase in bending strength when testing temperature was increased. This behavior was attributed to the self-healing effects. In fact, the bending tests were conducted for ascracked samples at 1200 C which is even higher than the required temperatures for completed crack-disappearance (1100 C). Figure 13 shows the fractures of as-healed and ascracked samples by bending tests at 1200 C. The fractures of did not propagated across the introduced Vickers indentations for both as-healed and as-cracked samples tested at 1200 C. This behavior is similar with the ones tested at room temperatures. Although the bending strength of as-cracked samples is increased when the testing temperature is increased, this increase shall not exceed the level of as-sintered ones. In other words, the temperature-strength curves of as-sintered, ashealed, and as-cracked samples as shown in Fig. 8 converge to one point which reveals the limit of the composites at high temperatures. In summary, the self-healing of Ni/mullite composites has full functions at high temperatures as the healing effects are not in uenced by the applied temperatures.
Conclusions
Fully-densi ed mullite composites with 5 vol% nano-Ni dispersion were fabricated by PECS to investigate their self-healing function at temperature ranging from 1000 to 1200 C for 1 to 24 h in air. Ni/mullite composite requires lower heat treatment conditions to have self-healing function than the other metal/oxide composites such as Ni/Al 2 O 3 , Ni/ (ZrO 2 +Al 2 O 3 ) and Co/Al 2 O 3 . The surface crack-disappearance in Ni/mullite system can be achieved by heat-treatment at 1100 C for 6 h in air. The crack-disappearance affected to their bending strength that recovered from 113 MPa of ascracked samples to 434 MPa of as-healed samples. Results of high-temperature bending tests con rmed that self-healing ability of Ni/mullite has full functions at high temperatures. The self-healing mechanism was clari ed to be the consequence of Ni oxidation at high temperatures. The superior self-healing ability of Ni/mullite is due to the faster outward diffusion of Ni cations that developed the oxidation product layer on the top surface as well as surface cracks. (b) and sample heat-treated at 1100 C for 6 h in Ar-1%H 2 gas mixture (c). The σ BD indicates the orientations of stresses applied on the Vickers indentations by bending tests. Fig. 12 SEM images from the cross-sectional view of the cracks after heat-treatment at 1100 C for 6 h in the air. 
